Polycomb group (PcG) proteins play a role in the maintenance of cellular identity throughout many rounds of cell division through the regulation of gene expression. In this report we demonstrate that the loss of the PcG gene mel-18 impairs the expansion of the most immature T progenitor cells at a stage before the rearrangement of the TCR ␤-chain gene in vivo and in vitro. This impairment of these T progenitors appears to be associated with increased susceptibility to cell death. We also show that the expression of Hes-1, one of the target genes of the Notch signaling pathway, is drastically down-regulated in early T progenitors isolated from mel-18 ؊/؊ mice. In addition, mel-18 ؊/؊ T precursors could not maintain the Hes-1 expression induced by Deltalike-1 in monolayer culture. Collectively, these data indicate that mel-18 contributes to the maintenance of the active state of the Hes-1 gene as a cellular memory system, thereby supporting the expansion of early T progenitors.
T he Polycomb group (PcG)
3 genes were originally identified in Drosophila as a class of regulators responsible for maintaining homeotic gene expression by contributing to the cellular memory of somite identity throughout cell division. PcG genes are conserved from Drosophila to mammals, and their protein products have been reported to localize to the nucleus as multimeric protein complexes. These proteins epigenetically maintain the repressed state of target genes through the modification of chromatin structure. In Drosophila, at least two types of PcG complexes, each with different properties, can be distinguished: Polycomb repressive complex 1 (PRC1) and ESC-E(Z) (1, 2) . The mel-18 gene is a mammalian homologue of the Drosophila posterior sex combs (Psc) gene, and its product is a member of a PcG protein complex that also contains M33, BMI-1, RAE-28, RING1A, and RING1B (3, 4) . This mammalian complex is similar to PRC1 in Drosophila, which is able to competitively inhibit the chromatin remodeling complex, SWI/SNF, and interacts with sequence-specific, DNA-binding factors (Pipsquesk, Zeste, and GAGA) and histone deacetylase (5) (6) (7) . This PRC1 is shown to collaborate with the ESC-E(Z) complex in regulation of gene expression through epigenetic modification of chromatin structure (8, 9) . Although several studies have recently described the silencing mechanisms of PcG complexes, to our knowledge, it has rarely been reported that the PcG gene is practically required for the maintenance of gene expression in the mammalian cell differentiation system.
It is well known that PcG genes play a significant role in the regulation of lymphocyte differentiation (10, 11) . Mice deficient in the individual components of the PRC1-like complex, mel-18, bmi-1, rae-28, and m33, display SCID (12) (13) (14) (15) . Loss of function of bmi-1 causes a severe block of B cell development (12) , and rae-28 deficiency reduces the generation of pre-B and immature B cells from fetal liver (FL) hemopoietic progenitors (15) . In T cell development, bmi-1 mutant mice exhibited impaired thymocyte development at an immature stage (16) . In mel-18 mutant mice, B cell maturation is arrested between the pro-and pre-B cell stages, and severe thymic atrophy is also observed (14) . In mature resting B cells, mel-18 negatively regulates B cell receptor-induced proliferation through the down-regulation of the c-Myc/cdc25 cascade (17) . Th2 cell differentiation is also impaired in mel-18 mutant mice, and mel-18 is involved in the induction of GATA-3 under Th2-skewed conditions (18) . In contrast to the extensive analysis of the roles of mel-18 in both immature and mature B cell development as well as in mature T cell function, much remains to be investigated with regard to a potential role for mel-18 in thymocyte development. Therefore, we performed a comprehensive analysis of mel-18 function to clarify its role and the underlying mechanisms in the regulation of thymocyte development.
The thymus is the major site of T cell differentiation and maturation. Thymocytes can be divided into four main populations: CD4 Ϫ CD8 Ϫ double negative (DN), CD4 ϩ CD8 ϩ double positive (DP), and CD4 ϩ or CD8 ϩ single positive (CD4SP or CD8SP) cells. DN cells can be further divided into four subpopulations (DN1-DN4) according to their CD44 and CD25 expression patterns. CD44 ϩ CD25 Ϫ (DN1) thymocytes represent the earliest T progenitors in the thymus. DN1 cells differentiate through a CD44 ϩ CD25 ϩ (DN2) stage into CD44 Ϫ CD25 ϩ (DN3) cells, in which the TCR␤ rearrangement takes place. Those with a successful TCR rearrangement at the ␤ locus receive a pre-TCR signal and differentiate through the CD44 Ϫ
CD25
Ϫ (DN4) stage into DP cells (19) . During intrathymic T cell development, thymocytes are required to expand massively to create a highly diversified TCR repertoire. It has been proposed that two independent proliferative phases exist during T cell development. One is the period of expansion that occurs before the TCR␤ gene rearrangement (pre-␤ proliferation), which occurs during the DN1 and DN2 stages (20) . The second phase of expansion occurs after TCR␤ gene rearrangement (post-␤ proliferation), which is stimulated by the pre-TCR signal (21, 22) .
Several signaling pathways have been shown to be involved in the regulation of proliferation and differentiation of thymocytes. Notch signaling has recently drawn wide attention for its role in T cell development (23) . Notch signaling is an evolutionarily conserved pathway that controls multiple cell fate decisions in various tissues throughout ontogeny. Notch-RBP-J signaling is essential in the cell fate decisions between T and B cell lineages (24 -26) , ␣␤ T cell and ␥␦ T cell lineages (27) (28) (29) , and Th1 and Th2 cell differentiation (30) . Furthermore, several studies have indicated that Notch-1 signaling regulates the proliferation of early thymocytes in addition to the cell lineage commitment. A stromal cell line forced to express DL1 can support T cell development to at least the DP stage as well as the expansion of T progenitors in monolayer culture (31) . The Hes-1 gene, Notch-1 signaling target gene, was shown to be essential for the expansion of early T progenitor cells, but not for T/B cell lineage commitment. The expression level of Hes-1 is involved in supporting the cellularity of developing thymocytes (32, 33) .
In this study we found that loss of the PcG gene mel-18 impairs the expansion of early T progenitor cells at a stage before rearrangement of the TCR ␤-chain gene in vivo and in vitro. We also observed that the Hes-1 gene was down-regulated in early T progenitors in mel-18 Ϫ/Ϫ mice. Based on our analysis, mel-18 appears to be indispensable for the maintenance of the active state of the Hes-1 gene in proliferating T progenitors. We propose that mel-18 contributes to the expansion of early T progenitors through the maintenance of cellular memory of these proliferating cells.
Materials and Methods

Mice
The mel-18 deficient (mel-18 Ϫ/Ϫ ) mice were described previously (14) , and animals used in this study were backcrossed to C57BL/6 Ͼ10 times. C57BL/6J (B6, Ly5.2) mice were obtained from CREA Japan, and B6 SJL Ptprca Pep3bBoyJ (B6 Ptprc, Ly5.1) mice were obtained from The Jackson Laboratory. All mice were kept in accordance with the laboratory animal science guidelines of Hiroshima University. For timed pregnancies, the day of vaginal plug was counted as day 0.5.
Flow cytometric analysis and Abs
Single-cell suspensions from bone marrow, thymus, FL, and fetal blood (FB) were stained with mAbs and second reagents. The following mAbs were purchased from BD Pharmingen: anti-CD4-FITC, -PE, -allophycocyanin, and -biotin (RM4-5); anti-CD8␣-PE, -allophycocyanin, and -biotin (53-6.7); anti-CD3⑀-FITC, -allophycocyanin, and -biotin (145-2C11); anti-CD44-PE (IM7); anti-CD25-FITC and -allophycocyanin (7D4 and PC61); anti-c-Kit-allophycocyanin (2B8); anti-Sca-1-FITC (D7); anti-CD45R/ B220-FITC and -biotin (RA3-6B2); anti-CD19-FITC and -biotin (1D3); anti-Mac-1-FITC and -biotin (M1/70); anti-Gr-1-FITC and -biotin (RB6-8C5); Ter119-biotin; anti-NK1.1-FITC (PK136); anti-CD45.2-FITC (104); and anti-CD45.1-PE (A20). Anti-CD127-PE and -biotin (A7R34) and Ter119-FITC were purchased from eBiosciences. Biotinylated Abs were revealed with streptavidin-CyChrome (BD Pharmingen). To analyze DN CD3 Ϫ thymocytes, lineage marker-negative (Lin Ϫ )ScaI ϩ c-Kit ϩ cell (KSL), and common lymphoid progenitors in bone marrow and p-T cell in FL, all cells expressing lineage markers (CD4, CD8, CD3, B220, CD19, Mac-1, Gr-1, Ter119, and NK1.1) were gated out of the analyses. FACS analysis was performed on a FACSCalibur flow cytometer (BD Biosciences), and data were analyzed using CellQuest software. For cell sorting, all cells were stained with biotinylated lineage markers, bound to streptavidin-magnetic beads and depleted of lineage-positive cells using MACS separation column (Miltenyi Biotec). The lineage-negative cells were then stained with subsequent Abs as described above. Cells were subsequently sorted using a FACSVantage SE (BD Biosciences). Dead cells were removed from analysis and sorting by staining with propidium iodide (PI; Sigma-Aldrich). Reanalysis of the sorted cells indicated the purity to be Ͼ94% for each cell population. For experiments examining mRNA expression in sorted cells, 3 ϫ 10 4 cells from each fraction were subjected to real-time PCR. Cells (1 ϫ 10 3 ) from 14.5E DN1 and DN2 fractions were subjected to semiquantitative PCRs.
Fetal thymus (FT) organ culture (FTOC)
All liquid cultures were performed in RPMI 1640 (Invitrogen Life Technologies) plus 10% FCS for FTOC, 50 M 2-ME (Nacalai Tesque), 1 mM sodium pyruvate (Invitrogen Life Technologies), 1ϫ nonessential amino acid solution (Invitrogen Life Technologies), and antibiotics. For analysis of T cell progenitors, FTOC under high oxygen submersion (HOS) conditions was performed as previously described (34 15.5 dpc FT lobes and cultured in medium. Stem cell factor (SCF; 10 ng/ml; R&D Systems) and 50 U/ml IL-7 (Genzyme) were added to the medium. Cultures were scored on day 10 or 14, and cells were analyzed by flow cytometry.
RT-PCR and Southern blot analysis
Semiquantitative RT-PCR was performed on cDNAs obtained from 1000 sorted cells of DN1 (CD44 ϩ CD25 Ϫ c-Kit ϩ ) and DN2 (CD44 ϩ CD25 ϩ cKit ϩ ) cell subpopulations in 14.5 dpc mel-18 Ϫ/Ϫ or littermate control FT. Total RNA was isolated from indicated cells using TRIzol reagent (Invitrogen Life Technologies) and was reverse transcribed using the SuperScript II RT-PCR system (Invitrogen Life Technologies) with oligo(dT) primer or random hexamer primer. Real-time PCR was performed using the ABI PRISM 7000 Sequence Detection System (Applied Biosystems) according to the manufacturer's instructions. The 50-l amplification reaction mixture contained 5 l of cDNA (1/10 dilution), 25 l of TaqMan universal PCR master mix (Applied Biosystems), and 200 nM each of primers. Each sample was amplified in triplicate using primers and probes specific for mel-18. A two-step cycling protocol with combined primer annealing and elongation at 60°C was used. The TaqMan ribosomal RNA control reagent (Applied Biosystems) was used as the endogenous normalization standard. For semiquantitative PCR, cDNAs were amplified using various oligonucleotide primers chosen on the basis of Oligo 4.0 software (National Biosciences). The primers used for the PCR were as follows: mel-18 (real-time PCR), 5Ј-GCGACGGGACTTCTATGCA-3Ј and 5Ј-CGCCTTCGTAGAACTCAATGG-3Ј; mel-18, 5Ј-CGGAGAATG GAGATGGGGACAAGGAGAAG-3Ј and 5Ј-AAGGTGGAGTGGGG GAAGTAGGATGGGTAG-3Ј; G3PDH, 5Ј-GTGAAGGTCGGTGTGAA CGGAT-3Ј and 5Ј-CAGAAGGGGCGGAGATGATGAC-3Ј; Notch-1, 5Ј-CCCAGCAGGTGCAGCCACAG-3Ј and 5Ј-GGTGATCTGGGACGGCA TGG-3Ј; Hes-1, 5Ј-GCCAGTGTCAACACGACACCGG-3Ј and 5Ј-TC ACCTCGTTCATGCACTCG-3Ј; GATA-3, 5Ј-TCGGCCATTCGTACATG GAA-3Ј and 5Ј-GAGAGCCGTGGTGGATGGAC-3Ј; LEF-1, 5Ј-AACTCT GCGCCACCGATGAG-3Ј and 5Ј-AGAAAAGTGCTCGTCGCTGT-3Ј; TCF-1, 5Ј-GCCAGCCTCCACATGGTGTC-3Ј and 5Ј-CGCGTGAGGGAT GGCTGCTG-3Ј; Deltex-1, 5Ј-CCACTGCTACCTACCCAACAAT-3Ј and 5Ј-AGGCTAGAGGCAAGGCAAAAGG-3Ј; RBP-J, 5Ј-CACAGACAAG GCAGAATACACG-3Ј and 5Ј-TGTAGGTGAAGGTAAGGCTGGT-3Ј; and E2A, 5Ј-CATCCATGTCCTGCGAAGCCAC-3Ј and 5Ј-TTCTTGTCCTCT TCGGCGTCGG-3Ј. PCR amplification was performed using the GeneAmp PCR system 9700 (Applied Biosystems). The cycle number was 24 -34, mel-18 REGULATES EXPANSION OF EARLY T PROGENITORS because the amplification was found to be within the linear range (data not shown).
Southern hybridization
PCR product was electrophoresed on 2% agarose gel, blotted onto a nylon membrane, and analyzed by Southern blot hybridization with 33 P-labeled probes. The signals were processed and quantified by an imaging analyzer (BAS 2000; Fuji Photo Film). The following probes were used: mel-18, 5Ј-ACCTGGCAAAGTTCCTCCGC-3Ј; G3PDH, 5Ј-GGTGGACCTGAC CTGCCGTCTAGAAAAAC-3Ј; Notch-1, 5Ј-ACCCCTTCCTCACCCCA TCCCC-3Ј; Hes-1, 5Ј-CCGCCGCGCTCAGCACAGACCC-3Ј; GATA-3, 5Ј-GGTATGCCGCCCGCCTCTGCTG-3Ј; LEF-1, 5Ј-GATGCCCAATA TGAACAGCGACCC-3Ј; TCF-1, 5Ј-ACCCCCTGTCCCCTTCCTGCGG-3Ј; Deltex-1, 5Ј-TGCTCATCACCGCCTGGGAACG-3Ј; RBP-J, 5Ј-GTC CGCCAGCCAGTCCAGGTTC-3Ј; and E2A, 5Ј-ATGCCAGCCTCCCC AGCCAGCC-3Ј.
Immunohistochemistry
Embryos (12.5 dpc) were embedded in OCT compound (Miles) and snapfrozen. Freshly cut 5-m sections were fixed with acetone at room temperature for 2 min. Sections were incubated in rabbit anti-keratin Ab (wide spectrum screening; DakoCytomation) or rabbit anti-Ikaros Ab (54), then incubated in HRP-conjugated goat anti-rabbit IgG (Vector Laboratories) at room temperature. Peroxidase activity was developed with 0.1% 3,3Ј-diaminobenzidine and 0.02% H 2 O 2 in PBS. Sections were then counterstained with hematoxylin.
TUNEL assay and immunofluorescence staining
Freshly cut 5-m sections were fixed with acetone at room temperature for 2 min. Sections were incubated in rabbit anti-keratin Ab for 2 h, then incubated in goat anti-rabbit IgG-Texas Red conjugate (Molecular Probes) for 1 h at room temperature. TUNEL reaction was performed on sections using an In Situ Cell Death Detection kit, Fluorescein (Roche), according to the manufacturer's protocol. Briefly, sections were fixed in 4% paraformaldehyde in PBS for 10 min at room temperature, incubated in 0.1% Triton X-100/0.1% sodium citrate for 2 min at 4°C, then incubated in TUNEL reaction mixture for 1 h at 37°C.
Cell cycle analysis
The amount of nuclear DNA was determined by PI staining as follows. DN1 and DN2 14.5E FT cells were fixed in 50% ethanol at 4°C for 30 min and incubated in PBS containing 1 mg/ml RNase (Sigma-Aldrich) at 37°C for 20 min. The cells were washed in PBS, resuspended in PBS containing 100 g/ml PI, and analyzed by a FACSCalibur (BD Biosciences).
In vitro survival or proliferation assay
The in vitro survival assay was conducted as previously described (35) . Sorted cells were cultured in 96-well, flat-bottom plates in a volume of 0.15 ml of RPMI 1640 with 10% FCS and 2-ME. SCF (100 ng/ml) and IL-7 (150 U/ml) were added to the medium. After 0 or 20 h, cells were harvested, and the numbers of surviving T cell precursors were counted by flow cytometry.
T cell development on Tst-4/DL1
Tst-4, a thymus-derived fibroblast cell line (36) , was transfected with retrovirus containing Delta-like-1 (DL1) gene. DL1 expressing TSt-4 efficiently support the differentiation of T cells from Lin Ϫ c-Kit ϩ progenitors of FL and bone marrow in a monolayer culture, whereas they suppress B cell generation (H. Kawamoto, unpublished observation). IL-7R ϩ cells in 12.5 dpc mel-18 Ϫ/Ϫ or control FL were sorted and cocultured with Tst-4/ DL1 cell in FTOC medium. After day 3 or 6 of culture, Ly5 ϩ /Thy1.2 ϩ cells were sorted.
Small interfering RNA (siRNA) preparation and transfection
Dicer siRNA for mel-18 or GFP were generated using the Dicer siRNA Generation Kit (Gene Therapy Systems). In brief, cDNA construct for mel-18 with T7 promoters at the 717 and 3Ј ends were made by PCR and subjected to in vitro transcription to produce dsRNA. Dicer siRNAs were produced by digestion of dsRNA with recombinant Dicer enzyme. KKC cells (1 ϫ 10 5 ) were transfected with 125 ng of dicer-siRNA for either mel-18 or GFP using Lipofectamine 2000 (Invitrogen Life Technologies). After 48 h, cells were harvested and total RNA was extracted and subjected to semiquantitative RT-PCR analysis.
Results
Decreased number of early T progenitors in adult mel-18
Ϫ/Ϫ mice It has been previously reported that the paucity of cell expansion and maturation arrest at the DN stage were observed in adult thymocytes from mel-18 Ϫ/Ϫ mice on a mixed C57BL/6(B6)ϫ129 background (14) . Subsequently, our group and others noticed that the CD4/CD8 profile of thymocytes in mel-18 Ϫ/Ϫ mice became comparable to that of mel-18 ϩ/ϩ mice after an extensive backcross to B6 mice (Ͼ10 times; Fig. 1A ) (18) . Hereafter, experiments were performed exclusively with mice on a B6 background. In these 6-wk-old male B6 mel-18 Ϫ/Ϫ mice, a severe reduction in total thymocyte number was observed despite the relatively normal CD4/CD8 profile (Fig. 1, A and B) . The total thymocyte number in mel-18 Ϫ/Ϫ mice was reduced to Ͻ10% of the wild-type number, even in 2-wk-old mice, and was further decreased to ϳ2% of the wild-type number in 10-wk-old mice (Fig. 1B) . Next, we investigated the cellularity of the immature, Lin Ϫ thymocyte population subdivided by CD44/CD25 (DN1-DN4) expression criteria. The severe reduction of the absolute cell number (to Ͻ10% of normal) was apparent at the most immature stage, DN1. No maturation arrest among DN subpopulations was observed (Fig. 1, A (Fig. 1D ). The expression level of mel-18 was assessed in normal cell populations by real-time PCR (Fig. 1E) . The level of mel-18 mRNA was higher in the DN subset than in the DP and SP subsets. Within the DN population, the mel-18 expression level was highest in DN1 and was gradually decreased in the stages leading up to the more differentiated DN4. The level in DN1 was higher than that in KSL and 7R ϩ cells in bone marrow. The level of mel-18 mRNA in the c-Kit high subset was comparable to that in the entire population of DN1 cells (data not shown). Therefore, these data show that the mel-18 gene is expressed at a higher level in DN1 thymocytes, including c-Kit high cells, than any at other stage during the developmental process from HSC to mature T cells in adult mice. Based on our data, we speculate that the thymic atrophy in adult mel -18 Ϫ/Ϫ mice is probably caused by defects in the earliest cKit high DN1 cells, although it remains to be clarified whether migration into the thymus is affected in adult mel-18 Ϫ/Ϫ mice.
Impairment of early thymocyte development in mel-18 Ϫ/Ϫ fetus
We also examined whether early T cell development was impaired in the mel-18 Ϫ/Ϫ fetus. In the FT at 12.5 dpc, when thymocytes are exclusively composed of DN1 cells (Fig. 2B) , we found no significant difference in the total number of thymocytes between mel-18 ϩ/Ϫ and mel-18 Ϫ/Ϫ mice; however, at 13.5 dpc, the number of thymocytes in the mel-18 Ϫ/Ϫ fetus was reduced to about half; furthermore, from 14.5 dpc to birth, the number of thymocytes was reduced to less than one-third of the number in the mel-18 ϩ/Ϫ fetus ( Fig. 2A) . However, we observed a small decrease in the percentage of DN2 cells, but no differentiation arrest in CD44/25 profile of the FT at 12.5-14.5 dpc (Fig. 2B ). These observations suggested that a lack of mel-18 also affected the development of early T progenitors in the fetus.
To confirm this, we had to rule out the following possibilities: first, a decreased number of prethymic progenitors in FL or FB, and second, an obstructed migration of these progenitors into the FT. We performed flow cytometric analysis to detect the number of (Fig. 2C) . To rule out the second possibility, the impairment of migration, the distribution of hemopoietic progenitors and thymic epithelial cells was investigated in sagittal sections of whole embryos at 12.5 dpc by immunohistochemistry. Hemopoietic progenitors and thymic epithelial cells were determined by staining with an anti-IKAROS or an antikeratin Ab, respectively. Hemopoietic progenitors normally begin immigration into the thymic mesenchymal layer at 11.5 dpc and enter the epithelial region at 12.5 dpc (42). IKAROS-positive cells that reside in the mesenchymal layer surrounding the epithelial region Ϫ/Ϫ thymic lobe sustained the capacity to support immature thymocyte development. Next, 14.5 dpc FT lobes from either mel-18 ϩ/Ϫ or mel-18 Ϫ/Ϫ mice were cultured for 3 and 6 days. As shown in Fig. 3A , we found that the early expansion of immature thymocytes was impaired in mel-18 Ϫ/Ϫ FT, specifically on day 3, whereas there appeared to be normal maturation of T cell development, as defined by the CD4/CD8 profiles (data not shown).
To acquire a more detailed understanding of the impaired expansion, we examined the T cell reconstitution frequency of DN1 cells at the single-cell level using the progenitor assay. DN1 cells (Ly5.2) from 14.5 dpc mel-18 ϩ/Ϫ or mel-18 Ϫ/Ϫ FT were cultured with a dGuo-treated FT lobe of B6 mice (Ly5.1/5.2 F1) at one cell per lobe under HOS conditions. After 14 days, the thymocytes generated in the culture were collected and analyzed by flow cytometry to determine the potential of the initial progenitor cell for generating T cells. The frequency of reconstituted T progenitors from mel-18 Ϫ/Ϫ DN1 cells was reduced to 8 of 30 (26.7%), in contrast to the 17 of 30 (56.7%) observed for mel -18 ϩ/Ϫ . Furthermore, the number of cells generated from a single mel-18 Ϫ/Ϫ DN1 cell was about half that generated by a mel-18 ϩ/Ϫ DN1 cell (Fig.  3B) . These results suggest that the reduced cell number of fetal thymocytes was due to a decreased number of early T progenitors and the impaired expansion of the T progenitors in mel-18 Ϫ/Ϫ mice. Taken together with the results shown in Fig. 2A , in which thymocyte number in mel-18 Ϫ/Ϫ FT was obviously reduced at 14.5 dpc, we concluded that mel-18 deficiency impairs the pre-␤ proliferation of early T progenitors.
To confirm this, we established breeding mice, which lacked both the Rag1 and mel-18 genes (Rag1 Ϫ/Ϫ mel-18 Ϫ/Ϫ ). Rag1 is essential for TCR gene rearrangement, and thymocytes from Rag1 mutant mice arrest at the DN3 stage. Therefore, backcrossing to Rag1 mutant mice makes it possible to investigate pre-␤ proliferation specifically. The number of thymocytes in the Rag1 Ϫ/Ϫ mel-18 Ϫ/Ϫ fetus was reduced to less than one-third that observed in either the Rag1 Ϫ/Ϫ mel-18 ϩ/ϩ or the Rag1 Ϫ/Ϫ mel-18 ϩ/Ϫ fetus at 17.5 dpc (Fig. 3C) . These results clearly demonstrate that mel-18 is required for the expansion of early T progenitors before TCR ␤-chain gene rearrangement.
Decreased cell number in mel-18 Ϫ/Ϫ FT is due to increased cell death in DN1/DN2 cells
It was previously reported that the defect in T cell development in mel-18 Ϫ/Ϫ mice was due to the impaired proliferation of thymocytes in response to IL-7, although IL-7 and IL-7R expression and the JAK/ STAT signaling pathway were found to be normal (14) . These studies, however, were primarily focused on the total thymocyte population and not specifically on early T progenitors. We chose to investigate the cell cycle parameters of T progenitors in mel-18 ϩ/Ϫ and mel-18 Ϫ/Ϫ FT in two different ways. First, DN1/DN2 cells from 13.5 dpc FT were stained with PI, and cell cycle profiles were analyzed by flow cytometry. The proportion of cells in S-G 2 -M phase in mel-18 Ϫ/Ϫ DN1 cells was comparable to that in mel-18 ϩ/Ϫ DN1 cells (34.9 Ϯ 3.4 and 35.3 Ϯ 0.4%, respectively). Similar results were observed for DN2 cells (Fig. 4A) . Second, to assess the number of cells containing newly synthesized DNA, 14.5 dpc fetuses were pulselabeled with BrdU in vivo. DN1/DN2 cells were sorted and doublestained with an anti-BrdU Ab and Hoechst 33342. Consistent with the cell cycle profiles, we could not find any difference in the proportion of BrdU-positive cells between mel-18 ϩ/Ϫ and mel-18 Ϫ/Ϫ DN1/DN2 cells (both ϳ40%; data not shown). Therefore, we considered that the reduction in fetal thymocytes did not correlate with a change in mitotic activity in mel-18 Ϫ/Ϫ mice. Consequently, to explain the impaired expansion of early T progenitors in mel-18
Ϫ/Ϫ FT, we performed TUNEL staining to detect apoptotic cells in 12.5 dpc FT. As shown in Fig. 4B , we observed a 2-fold increase in the number of TUNEL-positive cells in mel-18 Ϫ/Ϫ FT compared with that in mel-18 ϩ/Ϫ FT (see Fig. 4B ). This increase in the number of TUNEL-positive cells could explain the data shown in Fig. 3B ; that is, early T progenitors in mel-18 Ϫ/Ϫ FT were prone to cell death during the process of pre-␤ proliferation, 
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and this resulted in a low frequency of T progenitors within the DN1 cell population and impaired expansion from a single DN1 cell. We suggest that the reduction of fetal thymocytes is due to an increased susceptibility to cell death or an insufficient presence of survival signals in early T progenitors in mel-18 Ϫ/Ϫ mice. Because IL-7R signaling was known to be required for cell survival during immature T cell development, especially from the DN1 to the DN3 stage (43, 44) , we next examined the possibility that the increased cell death in mel-18 Ϫ/Ϫ FT was due to an impairment of IL-7R signaling. In an in vitro survival assay, DN1/2 cells in mel-18 Ϫ/Ϫ FT displayed a normal response to SCF and IL-7, suggesting that the increased cell death of T progenitors in mel-18 Ϫ/Ϫ FT is not correlated with IL-7 or SCF signaling (Fig. 4C) .
Mel-18 deficiency affects the expression of Hes-1, a Notch-1-signaling target gene
To identify underlying mechanisms involved in this dysfunction of early T progenitors in mel-18 Ϫ/Ϫ ] FT, we analyzed the expression of several genes that are involved in early thymocyte development. As shown in Fig. 5 , mel-18 deficiency had no effect on the expression of many transcription factors, including GATA-3, TCF-1, LEF-1, and E2A.
Surprisingly, the expression of the Hes-1 gene, one of the target genes of the Notch-1 signal, was remarkably decreased in mel-18 Ϫ/Ϫ DN1 and DN2 cells compared with mel-18 ϩ/Ϫ cells. In contrast, there were no significant differences in the expression of Notch-1, RBP-J, or Deltex-1. These results suggested that mel-18 might be involved in Notch-1 signaling, especially in the regulation of Hes-1 expression, in early T progenitors. Moreover, we investigated the expression of Hes-1 in DN1/DN2 cells in adult mel -18 Ϫ/Ϫ mice, and indeed, we observed down-regulation of the Hes-1 gene similar to that observed in FT (data not shown).
Mel-18 plays a role in the maintenance of Hes-1 gene expression
To confirm that mel-18 is involved in Hes-1 expression induced by Notch-1 signal, we set up an in vitro coculture system for studying T cell development with DL1-expressing stroma cell. Recently, it has been reported that OP-9 cells ectopically expressing DL1 acquired a capacity for T cell differentiation in monolayer culture (31) . Therefore, we used a similar system, with a thymus-derived fibroblast cell line, TSt-4, transfected with the DL1 gene. IL-7R Ϫ/Ϫ cells on day 3 was comparable to that in the control (Fig.  6A) . From these results, we advanced the hypothesis that mel-18 was engaged in maintaining the active transcriptional state of the Hes-1 gene once induced by DL1. To investigate this hypothesis, we first surveyed the expression of Hes-1 and mel-18 in several DN thymocyte cell lines. KKC cells, a DN1 thymocyte cell line (45), displayed Hes-1 expression in the absence of the Notch-1 Ϫ/Ϫ or littermate control FT. After RT-PCR, the products were subjected to Southern blot analysis. As an internal control, the expression of G3PDH was investigated. The results were representative of two independent litters. ligand, and the mel-18 gene was also highly expressed in this cell line (data not shown). Because the Hes-1 gene seemed to be maintained in an active state in KKC cells, we investigated, using this cell line, whether the reduction of mel-18 expression affected the expression level of the Hes-1 gene. KKC cells were transfected with a dicer-siRNA for either mel-18 or GFP. The expression of mel-18 was reduced to ϳ2% by the siRNA for mel-18 compared with the expression level observed upon application of the siRNA for GFP (Fig. 6B) . Under these conditions, the expression level of the Hes-1 gene was decreased to 5% by the siRNA for mel-18. Based on these results, we propose that mel-18 is indispensable for maintaining the active state of the Hes-1 gene once it is established by the Notch-1 signal.
In Fig. 7 , we provide a model explaining how mel-18 regulates the expansion of early T progenitors before ⌻CR␤ rearrangement by maintaining Hes-1 gene expression.
Discussion
Mel-18-dominant PcG complex plays a role in the pre-␤ expansion of T progenitors
It has been previously shown that expression levels of individual PcG genes varied during hemopoiesis (10, 46) . Mutant mice lacking each constituent of a PRC1-like complex tended to display a characteristic defect at the stage of hemopoiesis in which the particular gene under investigation was highly expressed. For instance, the expression of mel-18 is high in immature DN thymocytes, especially in DN1 cells, and the lack of mel-18 affects DN1 cells in the adult thymus (Fig. 1) . In addition, Bmi-1 and Rae-28 are essential for the self-renewal activity of adult or fetal HSCs, respectively, in which the expression of each gene is particularly high (46 -48) . These observations suggest that the subunit stoichiometry of the PRC1-like complex changes during hemopoiesis, and that a stage-specific PRC1-like complex can determine a distinct spectrum of target genes. Consequently, this complex plays a specific role at each developmental stage. We believe that the mel-18-dominant PRC-1-like complex (PcG/mel-18) may be responsible for the expansion of early T progenitors.
In T cell development, the expansion of T progenitors that have migrated into the thymus is required for clonal diversification of TCR, and this diversification profoundly contributes to the recognition of a wide variety of Ags. It has been proposed that there are two independent expansion phases of T progenitors. The so-called post-␤ proliferation takes place immediately after TCR␤ rearrangement, which makes it possible to generate diverse TCR ␣-chains from a single TCR ␤-chain (21, 22) . In contrast, the pre-␤ proliferation, which is predicted to be on the order of 1000-fold, starts from DN1 cells, and this proliferation is also essential for the formation of diversified TCR ␤-chains (20, 41) . The Rag1-mel-18 double-knockout (Fig. 3C ) provides clear evidence that the lack of mel-18 impairs the pre-␤ proliferation of early T progenitors in FT, indicating that the PcG/mel-18 complex plays a role in developing the diversified immune system by supporting the pre-␤ proliferation of early T progenitors.
Down-regulation of Hes-1 in mel-18 Ϫ/Ϫ T progenitors
We observed that expression of the Hes-1 gene was dramatically decreased in mel-18 Ϫ/Ϫ DN1 and DN2 cells, although other Notch-1 signal-related genes were expressed normally (Fig. 5) . Hes-1 is a basic helix-loop-helix transcriptional factor and functions as a negative or positive regulator of cell growth and differentiation in various systems (49) . In T cell development, prethymic T cell progenitors in FL express a relatively low level of Hes-1, even though they express Notch-1 receptor. After migration into the thymus, T progenitors interact with thymic stromal cells and receive a signal through the Notch-1 receptor, and the Hes-1 gene is up-regulated by this signal (50) (Fig. 6B) . We note that a mel-18 deficiency affects early T progenitors after migration into the thymus, not at the prethymic stage ( Figs. 1 and 2, B and C (32) . In the FTOC system, Hes-1 Ϫ/Ϫ fetal thymocytes were found at a reduced number despite the almost normal development to the DP and SP stages (33) . The level of Hes-1 expression is profoundly involved in the cellularity of developing thymocytes, especially for the expansion of early T progenitors. In conclusion, we suggest that down-regulation of the Hes-1 gene is a major cause of the impaired expansion of early T progenitors in mel-18 Ϫ/Ϫ FT. Because we found a normal proportion of cycling cells and an increased number of TUNEL-positive cells in 12.5 dpc mel-18 (Fig. 4, A and B) , we believe that the reduced cell number in mel-18 Ϫ/Ϫ FT resulted from the increased cell death of early T progenitors. We also found that bcl-2 could partially rescue (50 -80%) thymocyte cell number in the absence of mel-18 from the analysis of bcl-2 Tg/mel-18 Ϫ/Ϫ mice (data not shown). Notch signaling is known to be associated with cell death as well as differentiation and proliferation, although the molecular mechanisms through which Notch activation affects cell death remain to be elucidated (51) . In Hes-1 Ϫ/Ϫ mice, the expansion of the earliest thymocytes was severely impaired, but it was not determined whether Hes-1 deficiency affected cell proliferation or increased susceptibility to cell death (32) . During normal thymocyte development, immature thymocytes are themselves vulnerable to cell death. It is, therefore, likely that the down-regulation of Hes-1 expression could lead to cell death, even though the cells have the potential to proliferate. However, it is not yet known whether the down-regulation of the Hes-1 gene directly causes thymocyte cell death in mel-18 Ϫ/Ϫ FT or if other mechanisms are involved. We also investigated whether mechanisms other than the Notch signaling pathway were involved in the dysfunction of early T progenitors in mel-18 Ϫ/Ϫ FT. In a previous report the reduced number of mel-18 Ϫ/Ϫ thymocytes was attributed to their lack of responsiveness to IL-7, based on the observation that total thymocyte of adult mel-18 Ϫ/Ϫ mice displayed a low proliferative response to PMA plus IL-7 (14) . In addition, it is well known that IL-7 and SCF play a key role in the proliferation and survival of immature thymocytes (43, 44, 52) . Therefore, we thought it possible that an impaired response to IL-7 resulted in the cell death in mel-18 Ϫ/Ϫ fetal T progenitors. However, when we focused on fetal DN1 and DN2 cells, these cells proliferated normally in response to IL-7 or SCF (Fig. 4C) , indicating that the dysfunction of T progenitors in mel-18 Ϫ/Ϫ FT is not associated with IL-7 signal. Several lineage-specific genes (GATA-3, Tcf-1, Lef-1, and E2A), which have been shown to be essential for early thymocyte development (53), were expressed normally in mel-18 Ϫ/Ϫ DN1/DN2 cells (Fig. 5) . It was reported that the induction of GATA-3 was affected under Th2-skewed conditions in mel-18 Ϫ/Ϫ naive CD4 T cells (18) ; however, we observed normal expression of GATA-3 in mutant DN1/DN2 cells. Therefore, GATA-3 was not a target of Mel-18 in the T progenitor population. Furthermore, we suspected that ink4a, another known downstream target gene of the PcG complex, was involved in the dysfunction of mel-18 Ϫ/Ϫ early T progenitors. However, we were not able to detect the expression of the ink4a gene in either mel -18 Ϫ/Ϫ or control DN1/DN2 cells, as examined by RT-PCR Southern hybridization procedure (data not shown). Therefore, it is not likely that the defects in T progenitors in mel-18 Ϫ/Ϫ mice are correlated with the expression of the ink4a gene.
PcG/mel-18 contributes to the maintenance of Hes-1 gene expression in proliferating T progenitors
In the TSt-4/DL1 coculture system, we noted that after 6 days, the expression level of Hes-1 in mel-18 Ϫ/Ϫ T precursors was particularly decreased compared with that in mel-18 ϩ/Ϫ cells, whereas after day 3 the expression of Hes-1 was not affected in mel-18 Ϫ/Ϫ T precursors (Fig. 6A) . In parallel, we noticed that the difference in Hes-1 expression between mel-18 ϩ/Ϫ and mel-18 Ϫ/Ϫ cells widened as differentiation proceeded from DN1 to DN2 (Fig. 5) . From these results, we hypothesize a biphasic regulation of Hes-1 expression. During the early phase, the Hes-1 gene is transactivated by Notch-1 signaling. In the later phase, the Hes-1 expression level is maintained during the expansion of early T progenitors. Regarding the early phase, we examined the possibility of involvement of mel-18 in transactivation of the Hes-1 gene by Notch-1 signals. However, we did not find that mel-18 influenced the Hes-1 promoter activities mediated by Notch-1-IC in a luciferase assay (data not shown). This finding corresponds well with the results from the TSt-4/DL1 assay, in which the Hes-1 expression level in mel-18 Ϫ/Ϫ T precursors after 3 days of culture was comparable to that in control cells. For the later phase, we also observed that the expression of Hes-1 is down-regulated to a remarkably low level when the amount of mel-18 mRNA was reduced by siRNA in the KKC cell line, which expresses the Hes-1 gene in the absence of Notch ligands (Fig. 6B) . These results suggest that mel-18 plays a key role in maintenance of the active state of the Hes-1 gene in proliferating T progenitors.
To maintain gene expression levels in proliferating cell populations, daughter cells must inherit a cellular memory of the state of gene expression from the mother cell after cell division. As shown in Fig. 7 , prethymic T progenitors migrate into the thymus, then they interact with stroma cells to receive several signals, including a Notch-1 signal. Prompted by these signals, T progenitors start to proliferate massively and differentiate from DN1 to DN2 cells to create a diversity of TCR ␤-chains (pre-␤ proliferation). In mel-18 Ϫ/Ϫ FT, early T progenitors could not proliferate appropriately and were susceptible to cell death, probably due to their inability to maintain the Hes-1 expression level after each cell division.
In Drosophila melanogaster, the expression of HOM-C genes is initially induced by gap and pair-rule genes, and these genes are transiently expressed during early embryogenesis. Subsequently, the Trithorax group (TrxG) and PcG genes are necessary to maintain proper expression of HOM-C throughout development. TrxG proteins are generally responsible for preserving the active state, whereas PcG proteins maintain a silenced state. However, recent observations revealed that some members of the PcG and TrxG groups exhibit the dual property of maintaining both the activated and inactivated states of homeotic gene expression. They are identified as enhancers of Trithorax and Polycomb (ETP) (11), although it remains to be determined whether ETP maintains both states of gene expression directly or indirectly. Interestingly, mel-18 has been classified as a member of the mammalian ETP. In this paper we demonstrate that mel-18, as an ETP, could, in principle, play a positive role in Hes-1 transcriptional maintenance in proliferating early T progenitors (ETPs), i.e., ETP controls expansion of ETPs. However, it is at this time unclear whether mel-18 acts directly on Hes-1 gene expression.
In summary, we demonstrated that the PcG gene mel-18 is indispensable for the expansion of adult and fetal early T progenitors. The PcG/mel-18 protein complex appears to regulate the expression of Hes-1, a target gene of the Notch-1 signaling pathway, in these progenitors. We propose that PcG/mel-18 plays a crucial role in pre-␤ proliferation, which is required for the formation of a diversified TCR ␤-chain, through the maintenance of Hes-1 gene expression. Our study indicates that PcG/mel-18, in principle, works as a cellular memory system in pre-␤ proliferation, thereby supporting the development of the diversified immune system.
